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Abstract

:

Ex situ conservation plays an important role in maintaining global plant biodiversity and protects thousands of wild plants. Plant conservation in botanical gardens is an important part of ex situ conservation; however, little attention has been given to whether plant ecophysiological traits change and whether plant conservation goals are reached following ex situ conservation. In this study, tree and shrub plants were selected from Shanxi, Beijing of China and from Beijing Botanical Garden, and plants with good growth and similar ages were randomly selected to measure their light response curves, CO2 response curves with a portable photosynthesis system (Li-6400XT), relative chlorophyll contents using a chlorophyll meter (SPAD-502) and leaf water potential using a dew point water potential meter (WP4C). In comparison with cultivated plants, wild plants had higher water use efficiencies among all plants considered (by 92–337%) and greater light use efficiencies among some of plants considered (by 107–181%), while light response curves and CO2 response curves for wild plants were either higher or lower compared with cultivated plants. Ecological traits of wild and cultivated plants changed more as a result of habitat factors than due to plant factors. The initial slope of the light response curve, net photosynthetic rate at light saturation, light saturation point, maximum light energy utilization efficiency, maximum water use efficiency, leaf water content, and the leaf water potential of wild plants were larger or equal to those of cultivated plants, while dark respiration rate (by 63–583%) and light compensation point (by 150–607%) of cultivated plants were higher than those of wild plants. This research compared the ecophysiological traits of common green space plants cultivated in botanical gardens and distributed in different areas in wild environments. The response of plant ecophysiological traits to the changing environment has important theoretical and practical significance for wild plant conservation and urban green space system construction.
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1. Introduction


Green plants are the primary producers in the ecosystems on earth. These plants are directly or indirectly essential for the survival of many wild ecosystems and agrobiodiverse landscapes and have immense cultural importance [1,2]. An estimated 20% of plants are threatened with extinction, and plant diversity is currently being lost at an unprecedented rate [3,4]. The extinction threat is largely anthropogenic in origin, driven by habitat degradation, invasive plant stress, resource overexploitation, and climate change [4,5]. Plants need additional protection in their native habitats, and samples need to be collected for preservation in botanical gardens and arboreta [5]. Conservation plans for plants are related to their maintenance either in situ (e.g., protected areas) or ex situ (e.g., botanical gardens, seed banks and tissue culture collections) [3,6]. Furthermore, it is crucial to protect the integrity and diversity of natural resources by saving endangered plants, establishing national parks and natural reserves, and assessing the protection status of plants and ecosystems, as stated in the main mission of the International Union for Conservation of Nature (IUCN) [7].



Ex situ conservation acts as a back-up for certain segments of plant diversity that might otherwise be lost in nature and in human-dominated ecosystems [8,9], and it enables the conservation of thousands of wild plants within national and international facilities [3]. Plant conservation in botanical gardens is an important part of ex situ conservation; it conserves plant diversity ex situ and can prevent extinction through integrated conservation actions [4].



Many of the most impressive living plant collections, seed banks, and herbaria are located in botanical gardens [10]. Botanical gardens have a rich tradition of leading plant research and conservation programs, and gardens can take full advantage of their extensive collections and expertise to build large-scale programs to combat effects of climate change on global plant biodiversity [10]. Although ex situ conservation of plants in botanical gardens has played a major role in plant protection for more than 100 years, whether plant traits change with environmental conditions after ex situ conservation and whether plant conservation goals are reached require further assessment. Botanical gardens grow a wide variety of plants in a single location, and with a high level of care, they can create a reasonably consistent environment. The grounds of the gardens are often carefully mulched, weeded, fertilized, irrigated, and kept free of pests. Individual plants are often well spaced and grown under conditions considered ideal for plants [11,12]. Thus, growth conditions of wild plants change upon ex situ conservation in botanical gardens.



Compared with wild environments, the planting density of plants in botanical gardens is sparse, the understory is less structured, and environmental conditions for plant growth are relatively adequate and usually not restricted by lighting conditions [13]. With the lower elevation of botanical gardens and influence of human activities, plants are exposed to higher temperatures and CO2 concentrations [13]. Botanical gardens create artificial conservation conditions using irrigation over a long period of time, providing sufficient water resources [12]. However, important issues, such as plant acclimatization to novel, artificial environments, the loss of acclimation to the natural environment and the subsequent fitness decline under natural conditions have received less attention [14]. At the same time, the problems and risks associated with ex situ cultivation in botanical gardens have been recognized, and the acclimatization of wild plants to local environmental conditions may simultaneously cause the loss of acclimations to their natural origins [14].



Plant functional traits determine plant growth, survival and reproduction and are direct indicators for assessing their acclimation to the environment, including their morphological and physiological traits [10,15], therefore, functional traits, including ecophysiological traits, are thought to be important in determining the fitness of introduced plants [16]. However, few studies have focused on the differences between the functional traits of wild and cultivated plants. At present, the evaluation of the growth status of cultivated plants in botanical gardens mostly focuses on genetic resources, flowering period, morphological traits, anatomical structure, and plant cultivation experiences [14]. There are almost no research reports on whether the ecophysiological traits of the plants change after exchanging habitats from the wild to ex situ sites.



Ecophysiological traits of plants are easily affected by environmental conditions, and studies of leaf physiological traits can advance our understanding of adaptability of plants to environmental change [17]. Generally, at temperatures higher or lower than optimum, physiological processes decrease with increasing long-term light availability within the canopy or at elevated CO2 levels, photosynthetic capacity increases [18,19]. In water-limited environments, high water use efficiency (WUE) has been considered a trait contributing to plant success at the community level [20]. Leaf physiological trait indicators, such as leaf maximum photosynthetic rate, dark respiration, and transpiration, are strongly related to leaf-level CO2 assimilation, water exchange, and light capture strategies [17]. Therefore, an understanding of how leaf physiological traits interact with changing environments plays an important role in the conservation and management of plants in botanical gardens. By applying ecophysiological methods to assess the fitness of ex situ conservation, we can achieve a more accurate understanding of the acclimation mechanisms of plants to their environments under natural conditions and the environmental fitness of long-term botanical garden conservation. We can then scientifically set cultivation conditions, which will provide a theoretical basis for the fitness of plant conservation [14].



We hypothesized that the ecophysiological traits of plants change after long-term ex situ conservation. To test this hypothesis, we chose plants of five tree and three shrub species naturally distributed in Shanxi Province and Beijing, China, that are also cultivated in the Beijing Botanical Garden and measured their light response curves, CO2 response curves, light energy and water-use efficiency, and physiological water utilization traits. The objectives of this research were to explore the following questions: (a) Which ecophysiological traits of plants changed after ex situ conservation? (b) Are there differences in the ranges of changes in ecophysiological traits of wild plants in different regions after ex situ conservation? (c) Is the acclimation of trees and shrubs after ex situ conservation the same? Answering these questions provides a theoretical basis for ex situ conservation management in botanical gardens.




2. Materials and Methods


2.1. Study Area and Plants


Wild plants (plants distributed in natural habitats (in situ)) of four tree species, i.e., Amygdalus davidiana, Acer truncatum, Quercus aliena var. Acutiserrata, and Cotinus coggygria, and one shrub plant, Forsythia suspense, which are naturally distributed in Qinshui County, Shanxi Province, China, were selected (Table S1). Qinshui County (35°24′–36°00′ N, 112°47′–115°55′ E) is at the junction of the Taihang, Taiyue, and Zhongtiao Mountains [21]. The altitude ranges from 511–2358 m. The climate in Qinshui County belongs to the warm temperate monsoon climate. Summer rainfall is mostly concentrated between July and September. The annual precipitation ranges from 560–750 mm. The annual average temperature is 10.3 °C [22]. The average temperature in August is 21.7 °C, the extreme minimum daily temperature in August is 17.6 °C, and the extreme maximum daily temperature in August is 27.3 °C (http://data.cma.cn/data, accessed on 20 August 2021). The wild plants in this area are located on four plots, namely, Haojiashan in Zhongcun Township (35°37′ N, 112°9′ E), Duanshi Forest Farm (35°40′ N, 112°32′ E), Shuiquan Village in Beitan Township (35°40′ N, 112°1′ E), and Xiachuan Village in Zhongcun Township (35°30′ N, 112°1′ E) (Figure 1).



Wild plants from three tree species, i.e., A. davidiana, A. truncatum and Syringa pekinensis, and two shrub species, i.e., Rhododendron mucronulatum and Sambucus williamsii, found naturally in Dongling Mountain in Beijing were selected. Dongling Mountain, one part of the Taihang Mountains, is located at 39°55′–40°05′ N, 115°20′–115°35′ E, and has a temperate monsoon climate with mountain characteristics. The annual average temperature is 6.5 °C, and the annual precipitation is 600 mm [23]. The average temperature in August is 24.8 °C, the extreme minimum daily temperature in August is 20.4 °C, and the extreme maximum daily temperature in August is 29.8 °C (http://data.cma.cn/data, accessed on 20 August 2021) (Table S1, Figure 1).



Cultivated plants (plants cultivated in a botanical garden (ex situ)), including all plants distributed at the two sites above, were grown at the Beijing Botanical Garden, Institute of Botany, Chinese Academy of Sciences (hereafter, referred to as cultivated plants). Plants were planted by seeds in the nursery and then translated to the garden. The garden is located southeast of Fragrant Hill and 18 km from the center of Beijing (39°48′ N, 116°28′ E) at an elevation of 76 m above sea level. The garden experiences a temperate monsoon climate. The mean annual temperature is 11.6℃, and the mean annual precipitation is 634.2 mm [24]. The average temperature in August is 25.9 °C, the extreme minimum daily temperature in August is 21.8 °C, and the extreme maximum daily temperature in August is 30.6 °C (http://data.cma.cn/data, accessed on 20 August 2021) (Table S1, Figure 1).



Among all plants of the eight species, A. davidiana and A. truncatum existed in all three sites, Q. aliena, C. coggygria and F. suspensa existed in Shanxi Province and the Beijing Botanical Garden, and S. pekinensis, R. mucronulatum, and S. williamsii existed in Beijing and the Beijing Botanical Garden.



At the three sites, the field data for studied plants were measured during August 2019 and 2020. For each species, three plant individuals with good growth, no obvious diseases and insect pests, and of a consistent age were randomly selected according to the records of the Beijing Botanical Garden and growth status and size of plants. Each plant individual was selected from a 10 m × 10 m plot. Three individuals of each species, and three leaves for each individual, were measured. From each plant, leaves were selected from the top of the middle branches on the sunny side for in situ measurements. Only one species was measured in one day to ensure that the measurement periods were similar. Leaves were chosen from the south side of 2 m position of the trees, and the top of the shrub was chosen for the following measurements.




2.2. Gas Exchange and Leaf Photosynthesis


The light response and CO2 curves were measured on sunny days. For each species, three individuals with good growth and a consistent age were randomly selected. One leaf from each of three different plants was measured between 9:00 and 11:00 in the morning.



The light response curves (LRCs) of leaves for different plants were determined with a portable photosynthesis system (Li-6400XT, LI-COR, Lincoln, NE, USA). Before measurement, the instrument was preheated and calibrated each day, and the small steel cylinder was calibrated to ensure that the CO2 injection system could control the stability of the CO2 concentration in the sample chamber. The flow rate of the instrument was set to 500 mol·s−1. Measurements were carried out at a relative humidity of 50–60% and a leaf temperature of 25 °C using a standard leaf chamber (2 × 3 cm). A red–blue LED light source with a Li-6400XT configuration was used to control the Photosynthetic Photon Flux Density (PPFD) [25]. The CO2 supply concentration was controlled at 400 μmol·m−2·s−1. We set the PPFD to 1800, 1500, 1200, 1000, 800, 600, 400, 200, 150, 100, 50, 20 and 0 μmol·m−2·s−1 to obtain the LRC. When PPFD = 0 μmol·m−2·s−1, the photosynthetic rate (Pn) was the dark respiration rate (Rd, μmol·m−2·s−1).



The CO2 response curves were obtained at saturation light intensities and CO2 concentrations of 400, 300, 200, 100, 50, 400, 600, 800, 1000, 1200, 1500 and 1800 μmol·mol−1. Other parameter configurations for the photosynthesis system were the same as those used for the measurements of the light response curves.



The stomatal conductance (Gs), transpiration rate (Tr), stomatal restriction (Ls), Pn and intercellular CO2 concentration (Ci) were measured when the light intensity reached saturation and the CO2 concentration was 400 μmol·m−2·s−1. The water use efficiency (WUE) under saturated light intensity was calculated using the following Equation [26]:


WUE = Pn/Tr



(1)








2.3. Relative Chlorophyll Content (SPAD)


The relative chlorophyll content of leaves in similar positions were measured using a chlorophyll meter (SPAD-502, Konica Minolta Sensing, Inc., Osaka, Japan) for their light response curves.




2.4. Leaf Water Potential


Leaf water potential (φ, MPa) was measured using a dew point water potential meter (WP4C, METER Group, Inc., Pullman, WA, USA). Fresh and healthy leaves in similar positions were collected from the plants, and their light response curves were measured during the daytime and then placed in an icebox until testing. The WP4 instrument was warmed up for 30 min before measurements. The leaves were shredded and placed in the sample box of the WP4 instrument. The sample volume did not exceed 1/2 of the sample box volume, and the water potential value was recorded.




2.5. Leaf Water Content


Leaf water content (LWC) was measured using a drying method [27]. Fresh leaves were collected from positions similar to where the light response curves were measured, weighed and placed in an envelope before taking them back to the laboratory. After drying in an oven at 105 °C for one hour, the leaf samples were transferred to 80 °C and dried to a constant weight, and then the dried leaves were weighed. The LWC of the leaves were calculated using the following equation [27,28]:


LWC = (W1 − W2)/W1 × 100%



(2)




where W1 represents the fresh weight of the leaves and W2 represents the dry weight of the leaves.




2.6. Data Analyses


2.6.1. Light Response Curve Fitting


The right-angle hyperbola correction model with the highest fitting accuracy was used to fit the photosynthetic response curve [29]:


  Pn = α   1 −  β    I   1 + γ   I   I − Rd  



(3)




where α is the initial slope of the light response curve, i.e., AQY (μmol·m−2·s−1); β and γ are the suppression coefficient and saturation coefficient, respectively; I is the photosynthetic light quantum flux density (μmol·m−2·s−1); and Rd is the dark respiration rate (μmol·m−2·s−1).



From Equation (3), the light saturation point (LSP), the light compensation point (LCP) and the net photosynthetic rate at light saturation (Pnmax) can be obtained:


  LSP =       β + γ  β    − 1  γ   



(4)






  LCP =   α − γ ⋅ Rd −   ( γ ⋅  Rd −  α  ) 2  − 4 ⋅ α ⋅ β ⋅ Rd     2 ⋅ α ⋅ β    



(5)






  Pnmax = α ⋅ (     β + γ   −  β   γ   ) 2  − Rd  



(6)








2.6.2. Light Energy Utilization Efficiency (LUE) and Water Use Efficiency (WUE) Curve Fitting


The LUE of the plant leaves can be obtained [29,30]:


  LUE =   Pn  I  = α   1 − β   I   1 + γ   I   −   Rd  I   



(7)







From Equation (7), the maximum light energy utilization efficiency (LUEmax) and saturated light intensity corresponding to the maximum light energy utilization efficiency (Il-sat) can be obtained:


  Il-sat =  1      α ( β + γ )   Rd     − γ    



(8)






  LUEmax = α   1 − β   Il-sat   1 + γ   Il-sat   −   Rd   Il-sat    



(9)







According to the definition of WUE from Equation (1), the WUE of the plant leaves can be obtained [26,29,30]:


  WUE =   Pn   Tr   =  1  Tr   ( α   1 − β I   1 − γ I   I − Rd ) =  α 1    1 −  β 1  I   1 −  γ 1  I   I − R  d 1   



(10)




where Rd1 = Rd/Tr.



From Equation (10), the maximum water use efficiency (WUEmax) and saturated light intensity corresponding to the maximum water use efficiency (Iw-sat) can be obtained:


  Iw-sat =     (  β 1  +  γ 1  ) /  β 1    − 1    γ 1     



(11)






  WUEmax =  α 1     (       β 1  +  γ 1    −    β 1       γ 1     )   2  − R  d 1   



(12)









2.7. Statistical Test


To compare leaf traits of different life forms between natural sites and botanical gardens, leaf trait data of trees, shrubs, and all plants in natural sites and botanical gardens were averaged. One-way analysis of variance (ANOVA) was used to test differences in data between sites and plants, results were considered significantly different when p < 0.05. When significant differences were found, Tukey’s test was used to separate differences between means (p < 0.05) [31]. Linear regression was used to analyze the relationship between Pnmax and SPAD and LUEmax and WUEmax of wild plants and cultivated plants. All statistical analyses were performed using SPSS Statistics 21.0 (SPSS Inc., Chicago, IL, USA).





3. Results


When comparing A. davidiana and A. truncatum in Shanxi, Beijing and the botanical gardens, among the 18 F values, 12 values for sites and 4 values for plants for the 18 parameters were significant (p < 0.05) (Table 1). When comparing Q. aliena, C. coggygria and F. suspensa in Shanxi and the botanical gardens and S. pekinensis, R. mucronulatum and S. williamsii in Beijing and the botanical gardens, among the 18 F values, 11 values for sites and 9 values for plants for interactions for the 18 parameters were significant (p < 0.05) (Table 2).



3.1. WUEmax, LUEmax, Relative Chlorophyll Content and Water Physiology of Plants in Natural Sites and Botanical Gardens


Compared with the plants in the botanical gardens, the WUEmax, LUEmax, LWC and water potential of wild plants were significantly higher at the levels of trees, shrubs and overall, while the Iw-sat and Il-sat of wild plants were significantly lower. The plants in Shanxi and Beijing had similar changes in WUEmax, LUEmax, LWC and Il-sat after ex situ conservation, but the changes in Iw-sat and water potential were different. Compared with the plants in the botanical gardens, the WUEmax, LUEmax and LWC were significantly higher for the wild plants averaged in Shanxi and Beijing, but the Il-sat was significantly lower. The Iw-sat in Shanxi was significantly lower, but it showed no significant difference in Beijing. There was no significant difference in water potential in Shanxi, but water potential in Beijing was significantly higher. SPAD showed no significant differences over tree, shrub or overall levels and had no significant differences for the plants averaged in Shanxi and Beijing (Figure 2).




3.2. Light Response, CO2 Response, Light Energy and Water Use Efficiency Curves


The light response curve was lower in the natural sites than in the botanical gardens for A. davidiana, Q. aliena var. Acutiserrata, S. pekinensis, C. coggygria and R. mucronulatum; it was higher in the natural sites than in the botanical gardens for A. truncatum, F. suspensa and S. williamsii; and A. truncatum exhibited photoinhibition under the high light intensity present in botanical gardens.



The CO2 response curve was lower in the natural sites than in the botanical gardens for A. davidiana, A. truncatum, S. pekinensis and R. mucronulatum; it was higher in the natural sites than in the botanical gardens for F. suspensa and S. williamsii; and it was lower in the natural sites than in the botanical gardens for Q. aliena and C. coggygria at low CO2 concentrations and higher at high CO2 concentrations. The LUE curves were higher in the natural sites than in the botanical gardens for F. suspensa and S. williamsii; they were higher in the natural sites than in the botanical gardens for A. davidiana, A. truncatum, Q. aliena var. Acutiserrata, S. pekinensis, C. coggygria and R. mucronulatum under low light intensity and were similar under high light intensity. The WUE curves were higher in the natural sites than in the botanical gardens for all plants (Figure 3).




3.3. Photosynthetic Parameters of Plants in Natural Sites and Botanical Gardens


Compared with the plants in the botanical gardens, the changes in Pnmax, LSP, LCP, Il-sat, Iw-sat, WUEmax, Gs, Ci, Tr, WUE and Ls in Beijing were lower than those in Shanxi, and the changes in AQY, Rd, LUEmax and SPAD in Shanxi and Beijing were similar (Figure 2 and Figure 4).



The WUEmax of plants distributed in Shanxi and Beijing was negatively correlated with LUEmax, and their relationship could be represented by the following equation: WUEmax = 17.26 − 181.00 LUEmax (R2 = 0.78, p < 0.001); in contrast, there was no significant linear relationship between WUEmax and LUEmax for these plants cultivated in the botanical gardens (Figure 5).



The Pnmax of the plants distributed in Shanxi and Beijing was positively correlated with SPAD, and the regression equation was Pnmax = −18.47 + 0.61 SPAD (R2 = 0.95, p < 0.001). The Pnmax of the plants cultivated in the botanical gardens was negatively correlated with SPAD, and the regression equation was Pnmax = 15.08 − 0.1 SPAD (R2 = 0.53, p < 0.001) (Figure 5).





4. Discussion


4.1. Ecophysiological Traits of the Same Plants in Different Habitats


Light and water are essential environmental factors for the growth and development of plants, and suitable light and water conditions can promote growth and development [32]. Botanical gardens are under artificial management and cultivation and are different from the natural environment in terms of light, moisture, temperature, CO2, etc. [12,13]. Plants in gardens are generally widely spaced and exposed to high lighting conditions, combined with irrigation and fertilization practices common in gardening, as well as human-mediated alleviation of environmental stresses, therefore, plants grown in gardens achieve much higher rates of photosynthesis than non-cultivated native plants grown under a wide range of biological and environmental stresses in natural environments [12,13].



In our study, the light response curves of the cultivated A. davidiana were higher than those of the wild plants, while the light response curves of the cultivated A. truncatum were lower than those of the wild plants, indicating that different plants had different responses to protected environments. Furthermore, plants in urban ecosystems are exposed to higher temperatures and CO2 levels than plants in rural areas [12,13]. In our study, the CO2 response curves of the cultivated plants of A. davidiana and A. truncatum were higher than those of the wild plants, indicating that the cultivated plants can better adapt to higher concentrations of CO2.



Light use efficiency and water use efficiency are essential traits of adaptability to climate change [33,34]. Water use efficiency is an important indicator that couples photosynthesis and water physiological processes of plant leaves and represents ability of plants to fix CO2 with same degree of water consumption. Plants may adapt to drought conditions by increasing WUE [35]. Therefore, integrative traits, such as WUE and LUE, changed more significantly than single traits, such as LCP, LSP, Tr, and Gs. In our study, both wild plants and cultivated plants reached their maximum value for LUE under low light intensities, indicating that low-light environmental conditions were beneficial for increasing LUE. The LUE curves of the cultivated plants of A. davidiana and A. truncatum were lower than those of the wild plants. This may be because most of the wild plants were growing in multilayered structural communities, where plants had been exposed to insufficient light for a long time and plants needed to make full use of any available light to meet their needs. However, planting density of plants in botanical gardens is sparse, and plants received higher light intensities, which led to a decline in the LUE of the cultivated plants. The WUE curves of the cultivated A. davidiana were lower than those of the wild plants, which may be due to the long-term watering and irrigation conditions in botanical gardens, and the water-use capacity of the cultivated A. davidiana was thus reduced.




4.2. Are the Ranges of Changes in the Ecophysiological Traits of Plants after Ex Situ Conservation in Different Regions Consistent?


Different geographical environments have specific impacts on the ecophysiological traits of plants [36]. In our study, most ecophysiological traits were affected by habitat. After ex situ conservation, the ranges of changes in AQY, Rd and LUEmax of wild plants in Beijing were basically the same as those in Shanxi, indicating that the main reason for the changes in the above parameters was the cultivation of the plants in botanical gardens. After ex situ conservation, the changes in the other photosynthetic parameters of wild plants in Beijing were smaller than those in Shanxi. This may be because the cultivated plants and the wild plants in Beijing had similar geographical environments in terms of latitude and longitude, and the cultivated plants and the wild plants in Shanxi were different in terms of latitude, longitude and altitude.




4.3. Response of Ecophysiological Traits to Ex Situ Conservation


The environment of the plants changed during ex situ conservation, and the plants may have changed their ecophysiological traits to adapt to new environments [17]. In general, the high values of these physiological traits represent acquisitive strategies (high productivity) for plants, while low values represent conservative strategies (low productivity) [17]. In our study, the Pn of most of the plants cultivated in the botanical gardens increased, indicating that the conservation of the plants in a good-inducing environment was conducive to the enhancement of photosynthetic capacity, but their light and water use efficiencies decreased. In general, the LCP, Rd, Iw-sat, Il-sat, Ls and Tr of the plants increased after conservation, indicating that the cultivated plants developed the ability to use stronger light intensities, and the light intensity required to achieve LCP, LUEmax and WUEmax were greater than that of the wild plants. The cultivated plants were more likely to be restricted by respiration, transpiration and stomatal factors and the increased consumption of photosynthetic organic matter. The AQY, Pnmax, LSP, WUEmax, LUEmax, Gs, Ci and WUE of the plants decreased after conservation, indicating that the ability of plants to use weaker light intensities decreased. The lower LCP and Rd of the wild plants indicate that they can make better use of the weaker light intensities in their environment, leading to a higher LUE in the natural environment.



The LWC and φ of plants have a certain correlation with drought resistance; under drought conditions, the LWC and φ values are relatively low, and they gradually decrease with increasing water stress [37,38]. However, our results indicate that, although the cultivated plants in the botanical garden were under irrigation conditions, they had lower LWC and φ values than wild plants. Previous studies have shown that temperature and light intensity affect leaf moisture, and plants may suffer from excessive light energy and a risk of dehydration under high temperatures and strong light intensities [39]. The excessive light intensity present in the botanical gardens accelerates the Tr of plant leaves, which may be the main reason for the decrease in the LWC and φ values, indicating that proper understory structure and leaf shading are beneficial for the preservation of leaf water.



Previous studies have shown that trees are generally more responsive than other functional types to climate change and are more responsive to elevated CO2 levels, showing a higher Pnmax [40]. In our study, except for Pnmax and Tr, the traits of the trees and shrubs changed in the same way. The Pnmax and Tr of the wild trees were lower than those of the cultivated plants, while those of the wild shrubs were higher than those of the cultivated plants. This may be because trees and shrubs of the cultivated plants grow in an environment with sufficient light, while the wild plants are usually sheltered from each other in complex forest communities. Higher light intensities are beneficial for photosynthesis and increase the transpiration rate of trees at the top of the community, but they can cause the photoinhibition of shrubs in the understory of forests and lead to a decrease in Pnmax and Tr.




4.4. Implications for Fitness of Ex Situ Plants Conservation


Managing traits will be the main challenge for maintaining valuable ex situ living collections, and this requires precise guidelines and clear recommendations [14]. The ecophysiological traits of plants may change as they adapt to new environments [17]. After long-term conservation, this may lead to significant changes in plants, and the plants may not be suitable for natural environments and therefore cannot be returned to natural environments, especially if the plants evolve into new individuals, reducing the fitness of conservation [41,42]. In this research, most of the ecophysiological traits of wild plants changed during ex situ conservation, which led to differences between the wild plants and the cultivated plants. Although ex situ conservation in botanical gardens could protect wild plants, the cultivated plants reduced their own performance, reduced light and water use efficiency, and increased respiratory consumption, making them less fit to survive in natural environments.



Therefore, ex situ conservation should consider the growth environment of wild plants, such as the rainfall and multilayer structure conditions, to minimize the changes in the ecophysiological traits of plants due to conservation. During ex situ conservation, attention should be given to the growth rate of plants and the use of external environments [43], and overprotective measures should be reduced so that plants can grow better after they return to their natural environment.



Although ecophysiological traits were the dominant force in this ex situ conservation assessment, more studies are needed to obtain a more comprehensive understanding. It is necessary to combine our findings with other traits of plants, such as the reproductive behavior and genetics of ex situ conservation collections [41,44]. Such analysis can recognize the potential threats to cultivated plants and help to optimize their ex situ conservation, ensuring that the most suitable plants are maintained for reintroduction into the wild. This also provides theoretical references for IUCN’s work in saving endangered plants.





5. Conclusions


Wild plants change their ecophysiological traits to adapt to the conservation environment of botanical gardens, leading to differences between wild plants and cultivated plants. After conservation in a botanical garden, the higher respiration rate and stomatal restriction of the plants, as well as the lower LWC, φ, water and light utilization efficiency and photosynthetic accumulation, are not conducive to plant photosynthesis. After ex situ conservation, the AQY, Rd and LUEmax of plants changed in similar ranges, and the ranges of changes in Pnmax, LSP, LCP, Il-sat, Iw-sat, WUEmax, Gs, Ci, Tr, Ls, WUE, φ, and LWC were slightly different, but the trends of the trait changes after conservation were the same. The results can help us better understand the ecological adaptation strategies of plants after long-term conservation in a botanical garden and provide a theoretical basis for improving the management level of artificial conservation in botanical gardens.
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Figure 1. The location of the study sites in Shanxi and Beijing of China. Abbreviations: Dongling Mountain (DM), Botanical Garden (BG), Shuiquan Village (SV), Xiachuan Village (XV), Haojiashan (HJS) and Duanshi Forest Farm (DFF). (a) China, (b) Beijing, (c) Shanxi. 
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Figure 2. Relative chlorophyll content (SPAD), leaf water content (LWC), leaf water potential (φ), maximum light energy use efficiency (LUEmax), maximum water use efficiency (WUEmax) and their corresponding saturated light intensity (Il-sat, Iw-sat) of wild and cultivated plants (Mean [SE], n = 3), and plants in life forms (tree: wild plants n = 18, cultivated plants n = 12; shrub: wild plants n = 12, cultivated plants n = 12; overall: wild plants n = 30, cultivated plants n = 24) and in sites (each bar with 5 species, three replicates for each species. n = 15). Bars with different lowercase letters are significantly different between wild and cultivated plants (p < 0.05). Amy dav (SX), Amy dav (BJ), Ace tru (SX) and Ace tru (BJ) represent Amygdalus davidiana in Shanxi and Beijing, Acer truncatum in Shanxi and Beijing, respectively. Plant abbreviations are shown in Table S1. 
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Figure 3. Light energy use efficiency (LUE), water use efficiency (WUE), light response and CO2 response curves (Mean [SE], n = 3) of wild and cultivated plants. Plant abbreviations are shown in Table S1. 
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Figure 4. The photosynthetic parameters of wild and cultivated plants, and plants in life forms and in sites. Bars with different lowercase letters are significantly different between wild and cultivated plants (p < 0.05). Other description is same as Figure 2. 
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Figure 5. Relationship between net photosynthetic rate at light saturation (Pnmax) and SPAD value, LUEmax and WUEmax. Abbreviations: wild plants regression line (WSRL), cultivated plants regression line (CSRL). 
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Table 1. Results of a one-way ANOVA with plants (Amygdalus davidiana and Acer truncatum) and sites (Shanxi, Beijing and botanical garden).
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Parameters

	
Effect




	
Sites

	
Plants






	
AQY

	
3.74 ns

	
0.27 ns




	
Rd

	
7.56 **

	
0.15 ns




	
Pnmax

	
4.80 *

	
5.40 *




	
LSP

	
3.91 *

	
0.75 ns




	
LCP

	
22.77 ***

	
0.00 ns




	
Il-sat

	
51.36 ***

	
0.45 ns




	
LUEmax

	
2.33 ns

	
0.33 ns




	
Iw-sat

	
11.57 **

	
2.93 ns




	
WUEmax

	
19.93 ***

	
1.85 ns




	
φ

	
27.21 ***

	
11.59 **




	
LWC

	
11.77 **

	
1.87 ns




	
SPAD

	
0.23 ns

	
0.48 ns




	
Pn

	
4.79 *

	
5.34 *




	
Gs

	
2.07 ns

	
6.40 *




	
Ci

	
2.40 ns

	
2.84 ns




	
Tr

	
23.09 ***

	
1.40 ns




	
Ls

	
2.38 ns

	
2.85 ns




	
WUE

	
25.01 ***

	
2.28 ns




	
df

	
2

	
1








F-values are shown. ***, p < 0.001; **, p < 0.01; *, p < 0.05; ns, p ≥ 0.05. Abbreviations: apparent quantum efficiency (AQY), dark respiration rate (Rd), net photosynthetic rate at light saturation (Pnmax), light saturation point (LSP), light compensation point (LCP), maximum light energy use efficiency (LUEmax), saturated light intensity under LUEmax (Il-sat), maximum water use efficiency (WUEmax), saturated light intensity under WUEmax (Iw-sat), leaf water potential (φ), leaf water content (LWC), relative chlorophyll content (SPAD), photosynthetic rate (Pn), stomatal conductance (Gs), intercellular CO2 concentration (Ci), transpiration rate (Tr), stomatal restriction (Ls) and water use efficiency (WUE).
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Table 2. Results of a one-way ANOVA with plants and sites.
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Parameters

	
Effect




	
Sites

	
Plants




	
BS

	
BB

	
BS

	
BB






	
AQY

	
0.756 ns

	
2.19 ns

	
2.94 ns

	
1.32 ns




	
Rd

	
7.61 *

	
22.12 ***

	
4.07 *

	
2.66 ns




	
Pnmax

	
2.70 ns

	
0.65 ns

	
1.47 ns

	
8.16 **




	
LSP

	
8.08 *

	
0.18 ns

	
0.24 ns

	
3.70 ns




	
LCP

	
13.75 **

	
20.96 ***

	
3.82 ns

	
3.14 ns




	
Il-sat

	
12.76 **

	
9.71 **

	
4.04 *

	
2.53 ns




	
LUEmax

	
7.11 *

	
11.27 **

	
2.78 ns

	
0.87 ns




	
Iw-sat

	
2.94 ns

	
3.28 ns

	
0.20 ns

	
8.36 **




	
WUEmax

	
39.62 ***

	
8.34 *

	
6.07 *

	
3.20 ns




	
φ

	
1.00 ns

	
76.12 ***

	
6.29 *

	
5.07 *




	
LWC

	
44.69 ***

	
139.20 ***

	
124.26 ***

	
91.05 ***




	
SPAD

	
0.23 ns

	
3.11 ns

	
5.48*

	
2.34 ns




	
Pn

	
2.81 ns

	
0.66 ns

	
1.89 ns

	
8.11 **




	
Gs

	
15.34 **

	
17.67 **

	
7.33 **

	
16.30 ***




	
Ci

	
36.12 ***

	
33.20 ***

	
5.50 *

	
4.70 *




	
Tr

	
2.69 ns

	
3.67 ns

	
0.99 ns

	
11.81 *




	
Ls

	
35.71 ***

	
31.27 ***

	
5.51 *

	
4.24 *




	
WUE

	
35.92 ***

	
5.75 *

	
2.13 ns

	
1.50 ns




	
df

	
1

	
1

	
2

	
2








F-values are shown. ***, p < 0.001; **, p < 0.01; *, p < 0.05; ns, p ≥ 0.05. Plants are shown in Table S1. Comparison between Shanxi and botanical garden (BS), and between Beijing and botanical garden (BB). Other abbreviations are the same with Table 1.
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